Pexidartinib (TURALIO™) is an orally administered small molecule tyrosine kinase inhibitor with selective activity against the colony-stimulating factor 1 (CSF1) receptor, KIT proto-oncogene receptor tyrosine kinase (KIT) and FMS-like tyrosine kinase 3 harboring an internal tandem duplication mutation (FLT3-ITD). In August 2019, the US FDA approved pexidartinib capsules for the treatment of adult patients with symptomatic tenosynovial giant cell tumor (TGCT) associated with severe morbidity or functional limitations and not amenable to improvement with surgery. This approval was based on positive results from the phase III ENLIVEN trial. Pexidartinib is being investigated in various malignancies as monotherapy or combination therapy. This article summarizes the milestones in the development of pexidartinib leading to its first approval for TGCT.
Introduction
Pexidartinib (TURALIO™) is a novel, orally available small molecule tyrosine kinase inhibitor (TKI) with potent and selective activity against the colony-stimulating factor 1 (CSF1) receptor [1] [2] [3] . CSF1, expressed in high levels in several types of solid tumors, facilitates the differentiation of monocytes into tumor-associated macrophages (TAMs) and the survival of TAMs within the tumor microenvironment [4] [5] [6] . TAMs in turn have immunosuppressive effects and promote tumor growth and metastases [4, 6] . Pexidartinib also inhibits KIT proto-oncogene receptor tyrosine kinase (KIT) and FMS-like tyrosine kinase 3 harboring an internal tandem duplication mutation (FLT3-ITD) [2, 3, 7, 8] . Pexidartinib has been developed by Daiichi Sankyo for the treatment of tenosynovial giant cell tumor (TGCT; also known as giant cell tumor of the tendon sheath or pigmented villonodular synovitis [9] ). Most commonly arising in the synovium of joints or tendon sheaths of young adults, TGCT is a rare and locally aggressive neoplasm that overexpresses CSF1 [10, 11] .
Pexidartinib 200 mg capsules were approved in the USA on 2 August 2019 for the treatment of adult patients with symptomatic TGCT associated with severe morbidity or functional limitations and not amenable to improvement with surgery [12] . Pexidartinib is the first systemic treatment to be approved by the FDA in this indication [12] . Approval was based on data from a pivotal phase III study (ENLIVEN) , which constituted the first placebo-controlled trial of a systemic investigational treatment in TGCT [13] . The recommended dose of pexidartinib is 400 mg administered twice daily on an empty stomach (≥ 1 h before or ≥ 2 h after a meal or snack) [9] . Capsules should be swallowed whole, rather than opened, broken or chewed. Treatment should continue until disease progression or unacceptable toxicity [9] .
The US labelling of pexidartinib carries a boxed warning of hepatotoxicity [9] . Pexidartinib can induce serious and potentially fatal liver injury; liver tests should be conducted prior to initiating treatment with pexidartinib and then at specific intervals during treatment. If hepatotoxicity develops, pexidartinib should be withheld, administered at a reduced dose or permanently discontinued based on the severity of this. Due to the risk of hepatotoxicity, pexidartinib is only available in the USA to patients through a restricted Risk Evaluation and Mitigation Strategy (REMS) program [9] .
Pexidartinib has been investigated in the phase I/II or II setting, either as monotherapy or in combination with other drugs, in the treatment of various cancers such as glioblastoma (in which TAMs and microglia contribute to glioma progression and can represent up to 30% of the tumor mass [14] ), melanoma and metastatic breast cancer.
Scientific Summary

Pharmacodynamics
Pexidartinib potently and selectively inhibits the CSF1R [biochemical half maximal inhibitory concentration (IC 50 ) = 0.02 µmol/L [2] ] and KIT (biochemical IC 50 = 0.01 µmol/L [2] ) receptor tyrosine kinases [1] [2] [3] . Only five other kinases were significantly inhibited by pexidartinib at 0.03 µmol/L and 1.0 µmol/L in a comprehensive screen of 226 different kinases; the biochemical IC 50 values of these kinases were ≥ 8-fold higher than those of CSF1 or KIT [2] . Pexidartinib has been shown to inhibit FLT3 signaling more effectively in cells harboring FLT3-ITD than in cells only containing wild-type FLT3 (e.g. biochemical IC 50 = 0.018 µmol/L vs. 1.8 µmol/L) [8] .
Prospectively designed to engage the juxtamembrane region of the CSF1 receptor, pexidartinib was significantly (based on 95% CIs) more potent than PLX647 or imatinib when assayed against CSF1 receptor-dependent cells [3] . The three drugs were comparable in the extent to which they inhibited KIT-dependent cellular processes [3] .
In immunohistochemical analyses of xenograft samples from pexidartinib-and control-treated mice, pexidartinib induced significant (p < 0.0001 vs. control) macrophage depletion in tumors, as indicated by ionized calcium-binding adapter molecule 1 (Iba-1) signal (a marker for macrophages) [15] . While another animal study found no effect of pexidartinib on intratumoral macrophage infiltration in vivo, gene expression profiling of TAMs indicated a shift in TAM polarization in pexidartinib-treated tumors compared with vehicle-treated tumors; this shift in polarization may contribute to inhibitory effects of pexidartinib on tumor growth [1] . Pexidartinib treatment significantly (p < 0.05) suppressed tumor growth relative to vehicle treatment in mouse models of various tumors [1, [14] [15] [16] and was shown to significantly (p = 0.026) increase median survival time in tumor-bearing mice (11.3 vs. 8.0 weeks with vehicle treatment) [1] .
At double the mean maximum exposure of the approved dose (400 mg twice daily), pexidartinib is not associated with clinically relevant QTc interval prolongation [9] . 
Pharmacokinetics
Following administration of single oral doses of pexidartinib in healthy participants, pexidartinib exposure [peak plasma concentration (C max ) and total area under the concentrationtime curve (AUC 0-∞ )] increased in a generally dose-proportional manner over the dose range of 200-2400 mg [9, 17] .
Median time to C max (T max ) was 2.5 h. When administered with a high fat meal, the C max and AUC 0-∞ of pexidartinib increased by 100% and T max was delayed by 2.5 h relative to fasting conditions [9, 17] . In patients receiving pexidartinib 400 mg twice daily, steady state was reached in ≈ 7 days and the median accumulation ratio was 3.6 [9] . Pexidartinib is highly bound to plasma protein (> 99%) and had a mean apparent volume of distribution of 187 L [9] . Pexidartinib is highly metabolized, primarily by CYP3A4 and UGT1A4 [9, 18] . After oral administration of a single radiolabeled dose of pexidartinib 400 mg, 65% of the radioactivity was recovered in the feces (44% as unchanged drug) and 27% was recovered in the urine as metabolites (≈ 10% as N-glucuronide) [9] . After a single oral dose of pexidartinib 400 mg, pexidartinib had a mean apparent clearance of 5.1 L/h and mean half-life of 26.6 h [9] .
Pexidartinib pharmacokinetics are not impacted to a clinically meaningful degree by age (18-84 years), sex, race (white or black) or mild hepatic impairment [total bilirubin ≤ upper limit of normal (ULN) with aspartate aminotransferase (AST) > ULN, or total bilirubin > 1 to 1.5 × ULN with any AST] [9] . Relative to that in patients with normal renal function [creatinine clearance (CL CR ) ≥ 90 mL/min], pexidartinib exposure (AUC) was increased by ≈ 30% in patients with mild (CL CR 60-89 mL/min), moderate (CL CR 30-59 mL/min) and severe (CL CR 15-29 mL/min) renal impairment. Consequently, a dosage modification is recommended in patients with mild to severe renal impairment (pexidartinib 200 mg in the morning and 400 mg in the evening). Pexidartinib pharmacokinetics have not been sufficiently characterized in moderate hepatic impairment (total bilirubin > 1.5 to 3 × ULN and any AST) or investigated in severe hepatic impairment (total bilirubin > 3 to 10 × ULN and any AST); treatment with pexidartinib should not be initiated in patients with increased serum transaminases, total or direct bilirubin > ULN, or active liver or biliary disease [including elevated alkaline phosphatase (ALP)] [9] .
In clinical studies, pexidartinib exposure was altered by coadministration with itraconazole, probenecid, rifampicin or esomeprazole [9] . Concomitant use of pexidartinib with strong CYP3A inhibitors (including grapefruit or grapefruit juice), strong UGT inhibitors, strong CYP3A inducers (including Saint John's wort) or proton pump inhibitors should thus be avoided; if concomitant use with strong CYP3A or UGT inhibitors cannot be avoided, a reduced pexidartinib dosage (400 mg/day, administered as 200 mg twice daily) is recommended. Local prescribing information should be consulted for further information regarding potential drug interactions and dosage modifications [9] . 
Features and properties of pexidartinib
TGCT
Pexidartinib improved tumor response in adult patients with symptomatic, advanced TGCT for whom surgery was not recommended in the ENLIVEN trial [13] . ENLIVEN was a randomized, multinational phase III trial consisting of 24 weeks of double-blind treatment (part one) followed by an open-label extension (part two) [13] . In part one, patients with a worst pain or worst stiffness numeric rating scale (NRS) score of ≥ 4 and measureable disease as per Response Evaluation Criteria in Solid Tumors version 1.1 (RECIST; minimum tumor size 2 cm) were randomized to receive either oral pexidartinib (400 mg in the morning and 600 mg in the evening during the first 2 weeks, followed by 400 mg twice a day thereafter) or matched placebo. Efficacy was assessed in the modified intention-to-treat population (mITT; 61 pexidartinib recipients and 59 placebo recipients) and endpoints were analyzed hierarchically. In part two, patients who completed part one could receive open-label pexidartinib at their previous dose if they were randomized to pexidartinib in part one or to 800 mg/day (400 mg twice daily) if they had been randomized to placebo in part one. Treatment continued until disease progression or unacceptable toxicity [13] . At baseline, patients had a median age of 44 years and most patients (88%) had diffuse TGCT [9] ; approximately half of the patients (53%) had ≥ 1 previous surgery for TGCT and 9% had previous TKI therapy [13] . The most common disease location was the knee (61% of patients) [13] . At week 25 of ENLIVEN, the proportion of patients achieving an overall response (complete response or partial response) based on RECIST and centrally evaluated MRI scans was significantly greater with pexidartinib than with placebo [39% vs. 0%; between-group difference (BGD) 39% (95% CI 27-52); p < 0.0001] (primary endpoint). In the pexidartinib group, 15% of patients had a complete response and 25% had a partial response. When overall response rate was based on tumor volume score (TVS; a TGCT-specific measure) and centrally evaluated MRI scans, the proportion of patients achieving an overall response at week 25 was also significantly greater with pexidartinib than with placebo [56% vs. 0%; BGD 56% (95% CI 42-68); p < 0.0001]; 5% of pexidartinib recipients had a complete response and 51% had a partial response. Responses to pexidartinib were maintained over longer-term, open-label treatment. As of data cutoff (31 January 2018; median follow-up 22 months), the best overall response by RECIST had increased to 53% in patients randomized to pexidartinib. Overall response by TVS was 64%. Median duration of response by RECIST or TVS was not reached, with few patients having progressed [13] .
Clinical trials of pexidartinib
Pexidartinib also improved patient symptoms and functional outcomes in ENLIVEN [13] . Relative to placebo, pexidartinib significantly improved mean change from baseline in range of motion at week 25 (p = 0.0043) and mean change from baseline in physical functioning at week 25 (as assessed by the Patient-Reported Outcomes Measurement Information System -Physical Function scale; p = 0.0019). In addition, the mean decrease from baseline in worst stiffness NRS score at week 25 was significantly greater with pexidartinib (p < 0.0001). With respect to pain, the proportion of pain responders (i.e. patients with a ≥ 30% improvement in mean pain score without a ≥ 30% increase in analgesic use) did not significantly differ between treatment groups [13] .
Pexidartinib was effective in treating TGCT in patients who crossed over to open-label pexidartinib 400 mg twice daily after receiving placebo in ENLIVEN (n = 30) [13] . At week 25 of pexidartinib therapy, the overall response rate was 30% based on RECIST and 57% based on TVS. As of data cutoff, this had increased to 53% based on RECIST and 67% based on TVS (median response duration not reached). Improvements in functional outcomes and stiffness were consistent with those seen with pexidartinib during placebocontrolled treatment [13] .
Pexidartinib was associated with an overall response rate of 52% (95% CI 32-73; all partial responses) according to RECIST in patients with advanced TGCT in the extension of the phase I dose-escalation trial (NCT01004861) (in patients with advanced, incurable solid tumors that included a cohort of patients with TGCT) [3] . The disease control rate (complete response, partial response or stable disease) was 83% and median progression-free survival for these patients was not reached at the time of data cutoff (median treatment duration 8 months). Patients in this extension (n = 23) received open-label oral pexidartinib at a dose of 1000 mg per day until disease progression or unacceptable toxicity [3] .
In a pooled analysis of long-term data from ENLIVEN and the phase I dose-escalation extension trial, pexidartinib was associated with an overall response rate (complete response or partial response) of 54% as assessed by RECIST and 64% as assessed by TVS after a median treatment duration of 17 months; median duration of response was not reached [19] . Patients had received pexidartinib at an initial dose of 800 or 1000 mg per day in either study (n = 130); 61 patients were ongoing in the studies at data cutoff [19] .
Glioblastoma
Pexidartinib did not demonstrate efficacy in the treatment of recurrent glioblastoma in an open-label, single-arm, multicenter phase II study (NCT01349036) [20] . Pexidartinib was associated with a 6-month progression-free survival rate of 8.8% (95% CI 3.5-21.6; no significant improvement vs. historical controls) [primary endpoint]. There were no complete or partial imaging responses. The 6-month overall survival rate was 88.3% and median overall survival was 9.4 months. Patients received oral pexidartinib at a dose of 1000 mg per day (n = 37 analyzed). At baseline, patients had a median age of 58.5 years and median Karnofsky Performance Status score of 90 [20] .
Pexidartinib was associated with a median progression-free survival of 6.7 months (vs. 7.5 months in historical controls) [primary endpoint] in patients with newly diagnosed glioblastoma in the phase II portion of an open-label phase Ib/II trial (NCT01790503) [21] . Estimated median overall survival in pexidartinib recipients was 15.4 months (vs. 18.9 months in controls). Patients (n = 42 evaluable) received oral pexidartinib 400 mg twice daily five days per week during standard of care (SOC) therapy (radiation therapy and temozolomide) and seven days per week after SOC therapy [21] .
Solid Tumors
Oral pexidartinib in combination with paclitaxel was of clinical benefit (i.e. produced a complete response, partial response or stable disease) in 50% of patients with advanced solid tumors (n = 38 evaluable) in a first-in-human phase Ib trial (NCT01525602); one patient (with peritoneal carcinoma) had a complete response and five patients (with breast, rectal, bladder or ovarian cancer) had partial responses [6] . In part one of the study (a dose-escalation component), pexidartinib 1600 mg per day was selected as the recommended phase II dose [6] .
In phase I studies, pexidartinib monotherapy (NCT01004861) [3] , pexidartinib plus sirolimus (NCT02584647) [22] , pexidartinib plus binimetinib (NCT03158103) [23] , pexidartinib plus PLX9486 (NCT02401815) [24] and pexidartinib plus durvalumab (NCT02777710) [25] showed some antitumor activity in adult patients with solid tumors such as TGCT, unresectable malignant peripheral nerve sheath tumor (MPNST) and advanced gastrointestinal stromal tumor (GIST). Pexidartinib monotherapy was active against tumors in pediatric patients with neurofibromatosis type I related plexiform neurofibromas (NCT02390752; the recommended phase II dose was 800 mg/m 2 per day) [26] and produced an objective tumor response in one patient with TGCT in a trial in Asian patients with advanced solid tumors (NCT02734433; n = 8 evaluable) [27] .
Adverse Events
Oral pexidartinib monotherapy or combination therapy had a manageable tolerability profile in the clinical trials discussed in Sect. 2.3 [3, 6, 13, 20-22, 24, 27] .
During part one of the pivotal ENLIVEN trial, treatmentemergent adverse events (TEAEs) of any grade occurred in 98% of pexidartinib recipients versus 93% of placebo recipients and TEAEs of grade 3 or 4 severity occurred in 44% versus 12% [13] . The most common TEAEs of any grade (occurring in ≥ 15% of pexidartinib recipients and more than with placebo) were hair color changes (67% of pexidartinib recipients vs. 3% of placebo recipients), fatigue (54% vs. 36%), increased AST (39% vs. 0%), increased alanine aminotransferase (ALT; 28% vs. 2%), dysgeusia (25% vs. 2%), vomiting (20% vs. 5%), periorbital edema (18% vs. 2%), abdominal pain (16% vs. 10%), decreased appetite (16% vs. 10%), pruritus (16% vs. 3%), hypertension (15% vs. 10%) and increased ALP (15% vs. 0%). The most common grade 3 or 4 TEAEs (occurring in ≥ 5% of pexidartinib recipients) were increased ALT (10% of pexidartinib recipients vs. 2% of placebo recipients), increased AST (10% vs. 0%), increased ALP (7% vs. 0%) and hypertension (5% vs. 0%). TEAEs led to permanent treatment discontinuation in 13% of pexidartinib recipients; in most cases, discontinuation was due to liver-related TEAEs. TEAEs required treatment interruption or dose reduction in 38% of pexidartinib recipients and 10% of placebo recipients; these TEAEs were most commonly hepatic (e.g. increased AST, increased ALT or cholestatic hepatotoxicity) [13] .
Serious adverse events were reported in 13% of pexidartinib recipients (vs. 2% of placebo recipients) during part one of ENLIVEN [13] . Three pexidartinib recipients (5%) developed signs of serious liver injury (i.e. ALT or AST ≥ 3 × ULN with total bilirubin ≥ 2 × ULN with ALP > 2 × ULN); following treatment discontinuation, their ALT, AST and total bilirubin improved to < 2 × ULN in 1-7 months [9] . Patient enrolment in ENLIVEN was terminated early due to cases of serious hepatotoxicity, although the trial continued [28] . There was a death due to type A aortic dissection in a patient with a history of cardiovascular disease during part two of ENLIVEN; this was not considered to be treatment-related [13] .
As pexidartinib can induce serious and potentially fatal liver injury, the US labelling of pexidartinib carries a boxed warning of hepatotoxicity (Sect. 1) [9] . Across all clinical trials involving patients with TGCT, there have been five cases of serious hepatic adverse reactions (mixed or cholestatic hepatotoxicity) assessed as probably drug-related (as of May 2019; n = 140 exposed to pexidartinib for a median treatment duration of 19 months); these included the three aforementioned cases during ENLIVEN part one, one additional patient during ENLIVEN part two and one patient from NCT03291288 (a pharmacokinetic study) [29] . All of these cases were reversible (four within 2 months, while one case of ductopenia resolved after 7 months) [29] . In non-TGCT populations, 2/768 pexidartinib recipients experienced irreversible cholestatic liver injury across clinical trials [9] . There was an exposure-response relationship between steady-state pexidartinib exposure and serum transaminase levels (ALT and AST) in trials; the risk of increased serum transaminases is higher at higher pexidartinib exposures. As administering pexidartinib with food increases drug exposure (Sect. 2.2), pexidartinib should be taken on an empty stomach (Sect. 1). Consult local prescribing information for further information, including recommended dosage modifications in patients who develop hepatotoxicity while receiving pexidartinib [9] .
Ongoing Clinical Trials
In patients with TGCT, the ENLIVEN and NCT01004861 trials are approaching completion. A prospective observational study (NCT02948088) is following patients with diffuse TGCT, some of whom have received pexidartinib [30] .
An open-label, single-arm phase II trial (PIANO; NCT02071940) of pexidartinib in advanced KIT-mutated acral and mucosal melanoma is currently ongoing in the UK. A number of phase I/II trials evaluating pexidartinib monotherapy (NCT02390752) or combination therapy (NCT01790503; NCT01596751; NCT02584647; NCT02401815) in various tumors and malignancies are currently ongoing in the USA. Several phase I trials in patients with advanced solid tumors (NCT01004861; NCT02777710; NCT03158103; NCT02734433) in the USA, France and Taiwan have not yet reached completion.
Current Status
Pexidartinib received its first approval on 2 August 2019 in the USA for the treatment of adult patients with symptomatic TGCT associated with severe morbidity or functional limitations and not amenable to improvement with surgery [9] .
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